Background: pregnant women and infants are at higher risk of complications secondary to influenza infection. immunization during pregnancy facilitates protection of the neonates through passive transfer of maternal antibodies. Methods: this was a cross-sectional study performed during the postH1n1 pandemic winter season of 2010/2011 in Geneva, switzerland. We measured antibody titers against the seasonal influenza a H1n1, H3n2 and B 2010/2011 strains by hemagglutination inhibition in the umbilical cord blood of newborns born to vaccinated and nonvaccinated mothers. seroprotection was defined as a hemagglutination inhibition titer ≥40. Results: a total of 188 women were enrolled, 101 of whom had been vaccinated with a nonadjuvanted influenza vaccine (all during the second or third trimester) and the other 87 had not. among newborns of vaccinated women, 84-86% showed seroprotective levels depending on the strain. in comparison, seroprotection rates were significantly lower in babies of nonvaccinated women (29-33%, P < 0.001). adjusting for various confounding factors and applying multivariate regression analysis, vaccination during pregnancy ≥2 weeks before delivery increased geometric mean titers in umbilical cord blood 5-17 times and seroprotection rates 5.8-34.4 times, depending on the strain and the interval between vaccination and delivery. Vaccinating pregnant women only 2-4 weeks before delivery was still more effective than no vaccination at all (geometric mean titers increased 6.8-11.1 times and seroprotection rates increased 5.8-34.4 times compared with nonvaccinated women). Conclusions: influenza vaccination at any time during the second and third trimester of pregnancy, but at least 15 days before delivery, confers seroprotection to many neonates.
S
everal studies have reported that infants have the highest influenza infection and hospitalization rates in pediatrics, particularly for infants <6 months of age. [1] [2] [3] [4] [5] [6] one study reported hospital admission rates for laboratory-confirmed influenza of 4.5/1000 in children aged between 0 and 5 months compared with 0.9/1000 for children aged between 6 and 23 months. 1 another study conducted in Hong Kong reported rates of excess hospitalization for acute respiratory disease, which were attributable to influenza of around 284 per 10,000 children <1 year of age. 2 children also have an increased risk of mortality from influenza infection. 1, 7 only one-third of all pediatric influenza deaths occur in children with underlying risk factors, 7 most secondary to pneumonia, laryngotracheobronchitis or encephalopathy. 8, 9 thus, young age alone is the most important risk factor for influenza-associated morbidity and mortality.
pregnant women benefit themselves from influenza vaccination, being at increased risk of serious influenza-related complications, such as severe pneumonia, acute respiratory distress syndrome and death (in addition to the increased risk of stillbirths, neonatal death and preterm delivery). these complications are facilitated by physiological changes during pregnancy including reduced lung capacity and attenuation of immune responses. [10] [11] [12] in the United states and canada, the immunization of pregnant women with inactivated trivalent influenza vaccines has thus been recommended since 1997 in the second and third trimester, and since 2004 at any time during pregnancy. 13 in contrast, most european countries have only recommended such vaccination after the H1n1/09 pandemic. the World Health organization and few european countries (including the United Kingdom and France) currently recommend influenza immunization at any time during pregnancy.
14 in switzerland, vaccination is currently only recommended after the first trimester of gestation and only for healthy women to reduce the occurrence of random temporal associations with spontaneous miscarriage (http://www.bag.admin.ch/themen/ medizin/00682/00684/02535/index.html?lang=fr).
Maternal immunization against influenza during pregnancy may protect newborns and infants for the first months after birth through the passive transfer of maternal antibody in cord blood. [14] [15] [16] it is well-known that igG antibodies cross the placenta via active transport from the mother to the fetus. 15 several studies have reported an effective transmission of maternal antibodies to newborns, following seasonal or pandemic influenza immunization during pregnancy. [16] [17] [18] [19] [20] [21] However, we were not aware of any multivariate analysis identifying independent factors influencing neonatal humoral immunity, including past immunization and/or past influenza-like illness (iLi). the 2010/2011 winter season provided a unique opportunity to address these questions, as the seasonal vaccine included the pandemic a/california in the present study, we assessed influenza antibody responses to 3 vaccine strains in the cord blood of infants born between December 2010 and June 2011. We compared geometric mean titers (GMts) and seroprotection rates in infants born to vaccinated and nonvaccinated mothers and identified independent determinants of neonatal humoral immunity. 
Study Population
participants eligible for the study were pregnant women delivering after 36 weeks of gestation, that is, the time required for efficient maternal antibody transfer and accepting to provide a cord blood sample just after delivery. exclusion criteria were as follows: known or suspected impairment of maternal immune function resulting from congenital immune deficiency, immunosuppressive therapy [including chemotherapy, radiation therapy and longterm systemic corticosteroid therapy (prednisone or equivalent at >20 mg/d for >2 consecutive weeks) within the past 3 months] or HiV infection. iLi was identified through medical history (high fever with rhinorrhea, sore throat, asthenia and/or myalgia), without laboratory confirmation. the study was approved by the ethics committee of Gynecology, obstetrics and pediatrics of the University Hospital of Geneva. Recruitment (information, signing of consent forms and filling in of questionnaires) occurred at the outpatient clinic of the maternity ward of the University Hospital of Geneva during prenatal checkups and at times of vaccination. Women not contacted prior to labor were also eligible and could be recruited while in the labor suite, before delivery. all women were at a normal risk setting.
Sampling Procedures and Laboratory Assays
a sample of umbilical cord blood (3 mL) was taken just after birth and transferred to the Laboratory of Vaccinology of the University Hospital of Geneva. samples were centrifuged and aliquoted, and sera were frozen at 20°c until assessed. all samples were analyzed by Hai using a/california/7/2009 (H1n1), a/perth/16/2009 (H3n2)-like virus and B/Brisbane/60/2008-like virus strains. Hai assays were performed according to routine procedures, essentially as described.
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Statistical Analysis
Descriptive statistics were performed; the presence of influenza-specific antibodies in serum from cord blood was assessed. the proportion of samples with protective antibody titer (Hai seropositive:titer ≥ 1:40) and the Hai GMt with corresponding 95% confidence intervals (cis) were calculated for each group according to the maternal vaccine status. For vaccinated mothers, the influence of the timing of immunization during pregnancy (number of weeks elapsed between vaccination and delivery) was assessed. comparisons of GMts and seroprotection rates between children of vaccinated and nonvaccinated mothers were compared using t and χ 2 tests. a univariate regression analysis was performed to assess the effect of different factors on the likelihood of increased antibody titer or seroprotection rates. Linear regressions were performed to assess effects on antibody titers, a positive rate ratio (RR) suggesting an increased likelihood of a higher antibody titer. Logistic regressions were performed to assess the effect on the probability of seroprotection, a positive odds ratio (oR) suggesting that there was an increased probability of seroprotection. Multivariate analysis was performed with adjustments for maternal age, previous pandemic influenza vaccination or history of previous iLi and the interval between time of vaccination and delivery using a linear model for GMt and a logistic model for seroprotection. Goodness of fit of the regression models was checked (distribution of the residuals for the linear model and Hosmer-Lemeshow test for the logistic model). P <0.05 was considered as statistically significant. stata (version 9.1; stata corp, college station, tX) was used for all statistical analyses.
RESULTS
Participants
a total of 188 pregnant women were enrolled between December 2010 and June 2011. among these, 101 mothers had been vaccinated against influenza during their pregnancy and 87 had not. the mean maternal age was 32 ± 5.6 years, the mean gestational age was 40 ± 1.5 weeks and 90 of the 188 women (48%) were primiparous. population characteristics of the 2 groups (immunized and nonimmunized mothers) were similar except that significantly more vaccinated women had also been vaccinated against H1n1 (P = 0.01) and seasonal influenza (P = 0.02) in 2009. Mean gestational age at immunization was 29 ± 8 weeks. the mean time interval between vaccination and delivery was 77 ± 54 days (table 1) . all women had received nonadjuvanted, inactivated 2010/2011 trivalent influenza vaccines, mostly Mutagrip (sanofi pasteur MsD, Lyon, France), a split vaccine including mostly the neuraminidase and hemagglutinin surface antigens. this study was not designed to analyze vaccine safety data, but no safety concerns were reported by participating vaccinated women. Figure 1 presents the GMts with corresponding 95% ci of anti-influenza a (H1n1), a (H3n2) and B Hai antibodies in cord serum samples. the GMts were significantly higher in the cord serum samples of infants born to vaccinated compared with nonvaccinated women (P < 0.001). similarly, significantly more babies (85%) born to vaccinated mothers reached seroprotection (Hai ≥1:40) for all 3 influenza strains, whereas less than onethird of neonates of nonimmunized mothers had seroprotective titers ( Fig. 1) . in contrast, vaccinating pregnant women at any time during pregnancy (but >15 days before delivery) conferred similar HaiGMts seroprotection rates (80-94%), which was confirmed by regression analysis (see below).
HAI Titers Against Influenza A (H1N1), A (H3N2) and B in Cord Serum Samples
Influence of the Interval Between Maternal Vaccination and Delivery on Cord Blood GMTs and Seroprotection Rates
Determinants of Cord Antibodies to Specific Influenza Antigens Using HAI
Univariate linear regression and logistic analyses were performed to identify the determinants of Hai-GMts and seroprotection rates, respectively (table 3) . GMts were 7.0-8.8 times higher and seroprotection rates were 11.3-14.9 times higher in cord serum samples of vaccinated compared with nonvaccinated women, for all vaccine strains. Maternal age (increase per 10 years) significantly reduced influenza antibodies against the H1n1 and H3n2 strains. Gestational age at delivery, parity or prior immunization with 2009/2010 seasonal influenza vaccine exerted no significant influence. prior 2009, immunization against pandemic influenza H1n1 was associated with markedly higher GMts (RR = 4.5, P < 0.001) and seroprotection rates (oR = 5.9, P = 0.002) against the homologous H1n1 strain included in the seasonal 2010/2011 vaccine. in univariate analysis, previous pandemic immunization was also associated with higher seroprotection rates against the H3n2 and B strains. in contrast, the influence of a 2009 seasonal immunization was not significant, despite the inclusion of the same B/Brisbane/60/2008 strain in 2010/11. a history of iLi after august 2009 increased the H1n1 GMts (RR = 1.7, P = 0.02), but not the likelihood of seroprotection (oR = 1.5, P = 0.1) and did not influence antibody levels to the H3n2 and B viral strains.
the interval between immunization and delivery showed that vaccinating pregnant women <15 days before delivery did not allow for sufficient time to produce an increase in Hai antibody titers or the rate of seroprotection compared with nonvaccinated women. in contrast, vaccination at any time during pregnancy prior to 15 days before delivery consistently increased Hai antibody titers and the probability of seroprotection (RR between 5.2 and 14.4 and oR between 6.4 and 37.9, depending on the length of the interval and the type of strain).
Factors identified as significant in univariate regression analysis were added to the multivariate model (increasing age per 10 years, H1n1 vaccination in 2009, a previous history of iLi after august 2009 and the interval between vaccination and delivery). the effect of vaccination during pregnancy in comparison with no vaccination was analyzed by subcategorizing the interval of time between vaccination and delivery. this was done to gain a better understanding of the dynamics of serological response as a function of time. the variable "vaccination during pregnancy" was not included in the multivariate analysis as the different intervals between vaccination and delivery were all subcategorized from the variable vaccination during pregnancy.
Vaccination >15 days before delivery was the strongest independent predictor of a cord blood GMt increase (RR = 5-17) and of an increased likelihood of seroprotection (oR = 5.8-34.4), depending on the vaccine strain and the interval between vaccination and delivery. the effect of the intervals showed that vaccinating mothers <15 days before immunization did not increase significantly the GMt and the probability to be protected for newborns of vaccinated mothers compared with newborns of nonvaccinated mothers. second, pandemic H1n1 immunization in 2009 was also associated with higher GMts (RR = 3.1) and an increased likelihood of seroprotection (oR = 5.9), however, only for the H1n1 strain. there was no residual impact of pandemic immunization on the other vaccine strains, indicating that univariate analysis was influenced by confounders. the attenuating effect of increasing age on vaccine responses remained significant in multivariate analysis, although limited to H1n1 (GMts and seroprotection rates) and H3n2 (GMts only). the goodness of fit of the multivariate model was adequate. the distribution of the residuals for the linear regression was found to be approximately normal, and FIGURE 2. Influenza-specific HAI antibody GMTs with 95% CI in cord serum samples from vaccinated mothers (stratified into intervals before delivery) and in nonvaccinated mothers, for the 3 influenza vaccine strains. The dotted line represents the level of seroprotection (HAI ≥1:40). Table 3 describes the values for each interval and influenza strain in more detail.
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the goodness of fit for the logistic regression was not rejected by the Hosmer-Lemeshow test.
DISCUSSION
this study shows that vaccination of pregnant women facilitates significant transplacental antibody transfer to the babies for all strains of influenza virus contained in the 2010/2011 influenza vaccine. Less than one-third of neonates from nonimmunized mothers had seroprotective titers compared with 85% among vaccinated women. thus, past maternal exposure to influenza is not sufficient to confer neonatal immunity, even during a season immediately following a pandemic outbreak of a strain with a high attack rate. 24 previous studies have also reported a significant increase in antibody levels to influenza virus in the cord blood of infants born to vaccinated mothers compared with nonvaccinated mothers. [16] [17] [18] However, there were no data on the intensity of this effect and the impact of confounding factors. in this study, we report for the first time the impact of variables as history of H1n1 vaccination, past iLi and age on blood cord GMts and seroprotection rates after trivalent influenza vaccination (table 4; multivariate regression analysis). We observed a 5-17 fold increase in antibody titer and a 6-34 fold increase in seroprotection rates for women immunized earlier than 15 days before delivery. these are important findings reinforcing that vaccination of pregnant women is indeed a very efficient way to protect newborns against influenza illness during the first weeks or months of life.
one-third of unvaccinated mothers had cord Hai antibodies above the seroprotective threshold. as influenza immunization in switzerland has been recommended only since the preceding year for pregnant women and not at all for healthy nonpregnant women, this is best explained by cross-reactive antibodies elicited by past influenza infection. around 16% of women reported a previous iLi since august 2009 . similar prevalence rates of seroprotective H1n1 antibody titers in unvaccinated women have been reported before. 17, 25 an important and new finding of the present study is that previous vaccination with H1n1 in 2009 (but not previous iLi since 2009) increased the H1n1 GMt and seroprotection rates for H1n1. this suggests that previous vaccination may increase the antibody response to subsequent vaccination during pregnancy, probably through reactivation of immune memory.
one remaining question concerns the ideal time during pregnancy a woman should be vaccinated, to facilitate optimal Univariate regression analysis showing the impact of the different factors on the likelihood of increased antibody titers (RR of GMT) or increased rates of seroprotection (OR). A RR > 1 suggests increased GMT and a RR < 1 decreased GMT. An OR > 1 corresponds to an increased rate of seroprotection and an OR < 1 to a decreased rate of seroprotection. For the parity and the interval between vaccination and delivery, the RR and OR are compared with the reference category.
*A significant increase in GMT or rate of seroprotection.
production and transfer of antibodies and therefore maximal protection of the neonate. We found that vaccinating pregnant women during the second and third trimester (as recommended in switzerland) but at least 15 days before delivery induced a 5-17 fold increase in the GMts and a 6-34 fold increase in seroprotection rates compared with nonvaccinated women. immunizing mothers <15 days before delivery was not sufficient to significantly increase antibody titers in the newborn. Vaccinating close to delivery can therefore probably be considered as not sufficient in conveying immunity to the newborn, although a certain indirect effect may still be beneficial through the protection of the mother and therefore a reduced risk of transmission to the baby during the first months of life. similarly, protection levels seemed to diminish if the flu jab was given >120 days before delivery (Fig. 2) . However, numbers were too small to allow enough power for valid conclusions. Little data is available comparing the impact of different time intervals between influenza vaccination and delivery on cord blood antibody levels: we only identified 1 study comparing titers after vaccination in the second and third trimester; no difference was reported. 18 Hence, it can probably be said that the second and third trimester remains a relatively extended ideal interval for vaccination during pregnancy, allowing for flexibility in administration. the present study has several limitations. First, for practical reasons, it was not possible to conduct a randomized-controlled trial. We carried out a cross-sectional study, increasing the potential impact of confounding factors. among the group of women vaccinated during pregnancy, for example, a higher percentage may have also been open to immunization in the past and would therefore have higher baseline titers. although multivariate analysis aimed to control at least partly for this factor by including the potential confounder of H1n1 vaccination in 2009, a possible impact cannot be completely excluded. second, the study was conducted between December 2010 and June 2011, that is, partly overlapping with the influenza season. it is thus possible that women with subclinical influenza infection were enrolled, which may have increased their antibody titers independently of immunization. However, this should equally affect both study groups, and any difference should therefore be random. third, for practical reasons, we did not collect paired maternal and umbilical cord blood samples. cord titers may therefore not reflect maternal immune responses 100%. However, a previous study by steinhoff et al. assessing Hai antibody titers in maternal and cord blood samples reported comparable levels. 21 another study reported no direct immune response to influenza antigens in infants. 26 For this study, it was therefore considered reasonable to assume that cord blood antibody levels reflect maternal and not fetal antibody responses. Finally, it was not the scope of this study to follow-up infants after delivery to monitor antibody levels and correlate them to possible influenza infections, which would have allowed for conclusions on true vaccine efficacy. From past studies, it can be expected that protection of the newborn by maternal antibody may last for up to 6 months.
18-21,27-29 a randomizedcontrolled trial in Bangladesh demonstrated that women vaccinated with inactivated influenza vaccine during pregnancy presented significantly higher influenza antibody titers at delivery than a control group vaccinated with pneumococcal polysaccharide vaccine. their infants also presented reduced rates of influenza infection during the first 6 months of life (63% reduction). 20, 21 two retrospective studies neither report any reduction in iLi outpatient visits for vaccinated women nor were hospitalization rates due to pneumonia or influenza infection lower for infants born to vaccinated mothers. However, maternal immunization rates (0.7-20%) were very low in these 2 studies. 30, 31 overall literature thus seems to imply the efficacy of maternal influenza vaccination in the prevention of neonatal morbidity. Multivariate regression analysis of the impact of different factors on GMTs and seroprotection rates. A RR >1 suggests an increased GMT and a RR <1 suggests a decreased GMT. An OR >1 corresponds to an increased seroprotection rate and an OR <1 corresponds to a decreased seroprotection rate.
*A significant increase in GMT or seroprotection rate. †The OR in this category was infinite as the 2 samples without seroprotection were excluded from analysis due to missing data (H1N1 vaccination in 2009).
